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The roles of antibodies and memory T cells in protection against virulent Ehrlichia have not been completely
investigated. In this study, we addressed these issues by using murine models of mild and fatal ehrlichiosis
caused by related monocytotropic Ehrlichia strains. Mice were primed with either Ehrlichia muris or closely
related virulent ehrlichiae transmitted by Ixodes ovatus (IOE) ticks given intraperitoneally or intradermally. All
groups were reinfected intraperitoneally, 30 days later, with a lethal high dose of IOE. Priming with E. muris,
but not IOE, induced strong CD4� and CD8� memory type 1 T-cell responses, Ehrlichia-specific immuno-
globulin G (IgG) antibodies, and persistent infection. Compared to IOE-primed mice, subsequent lethal IOE
challenge of E. muris-primed mice, resulted in (i) 100% protection against lethal infection, (ii) strong Ehrlichia-
specific secondary gamma interferon (IFN-�)-producing effector/effector memory CD4� and CD8� T-cell
responses, (iii) enhanced secondary anti-ehrlichial antibody response, (iv) accelerated bacterial clearance, and
(v) the formation of granulomas in the liver and lung. E. muris-primed mice challenged with IOE had lower
levels of serum interleukin-1� (IL-1�), IL-6, and IL-10 compared to unprimed mice challenged with IOE.
Interestingly, the fatal secondary response in IOE-primed mice correlated with (i) decline in the Ehrlichia-
specific CD4� and CD8� type 1 responses, (ii) marked hepatic apoptosis and necrosis, and (iii) substantial
bacterial clearance, suggesting that fatal secondary response is due to immune-mediated tissue damage. In
conclusion, protection against fatal ehrlichial infection correlates with strong expansion of IFN-�-producing
CD4� and CD8� effector memory type 1 T cells, which appear to be maintained in the presence of IgG
antibodies and persistent infection.

Human monocytotropic ehrlichiosis (HME) is an emerging,
highly prevalent, and often life-threatening tick-transmitted
infectious disease in the United States (36, 37). HME has been
reported from 47 states. Currently, no vaccine is available
against HME. Ehrlichia chaffeensis, the etiologic agent of
HME, is an obligately intracellular bacterium that resides in
mononuclear phagocytes. HME initially manifests as nonspe-
cific flulike illness and can progress to severe toxic shock-like
syndrome with thrombocytopenia, lymphopenia, liver dysfunc-
tion, and multi-organ failure (23, 32). The presence of exten-
sive inflammation in tissues in the absence of overwhelming
bacterial burden in fatal cases of HME suggests that fatal
disease is due to immune-mediated pathology (28).

Development of murine models of persistent ehrlichiosis
and HME has greatly facilitated our understanding of the
pathogenesis and mechanisms of host defenses against primary
ehrlichial infections. Mildly virulent Ehrlichia muris infection
in immunocompetent C57BL/6 and AKR mice results in per-
sistent infection and mimics E. chaffeensis infection in its nat-
ural host, white-tailed deer (22). Furthermore, the clinical
manifestations and histopathological changes observed in in-
traperitoneal (i.p.) infection of immunocompetent C57BL/6
mice with high dose of a highly virulent Ehrlichia species iso-

lated from Ixodes ovatus ticks, referred to as IOE, faithfully
recapitulate severe E. chaffeensis infection in humans resulting
in fatal toxic shock-like illness (12, 30). However, intradermal
(i.d.) inoculation of C57BL/6 mice with high dose of IOE
promotes protective type 1 cell-mediated immunity (31). E.
muris and IOE are antigenically and genetically closely related
to each other and to E. chaffeensis (20, 29, 42). Using these two
ehrlichial species, we and others have determined that effective
primary immune responses against ehrlichiosis involve gener-
ation of Ehrlichia-specific gamma interferon (IFN-�)-produc-
ing CD4� T cells and cytotoxic CD8� T cells, activation of
macrophages by IFN-�, and production of Ehrlichia-specific
antibodies of Th1 isotype (immunoglobulin G2a [IgG2a]) (1,
5–7, 12, 40). A role in immune-mediated pathology has also
been suggested for CD8� T cells in primary (12) and secondary
(3) ehrlichial infections. Although these studies have contrib-
uted significantly to our understanding of primary protective
immunity against ehrlichial infections, few studies have ad-
dressed the generation and maintenance of memory immune
responses that can confer long-term immunity.

Induction and maintenance of a memory T-cell response are
hallmarks of long-term protective immunity against reinfection
with intracellular pathogens. Memory T cells are functionally
and phenotypically heterogeneous and can be classified as ef-
fector memory (TEM) and central memory (TCM) T cells (25,
26). TEM cells predominantly reside in the nonlymphoid organs
and can readily exhibit effector functions upon antigen re-
encounter. In contrast, TCM cells reside in secondary lymphoid
organs and do not exhibit immediate effector functions, but
these cells are considered precursors of TEM cells. Recent
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studies suggest that TCM cells can also mediate effector func-
tions (35, 39).

Toward the goal of developing effective vaccination strate-
gies against Ehrlichia, we previously developed an animal
model of cross-protection in which C57BL/6 mice primed with
E. muris are resistant to lethal infection with IOE (12). In the
present study, we examined the induction and maintenance of
antigen-specific memory T- and B-cell responses, as well as
protection against fatal IOE challenge after homologous and
heterologous priming with IOE and E. muris infection, respec-
tively. Our results show that prior infection with E. muris, but
not with IOE, provided protection against lethal secondary
IOE challenge. Cross-protection against lethal ehrlichial chal-
lenge was associated with substantial generation of IFN-�-
producing memory type 1 CD4� and CD8� T cells, type 1
cytokine production, the development of a strong anamnestic
Ehrlichia-specific antibody response, and persistent infection.
Furthermore, lack of protection in IOE-primed mice was as-
sociated with low frequency of memory type 1 T cells, extensive
tissue injury, and low bacterial burden, suggesting that fatal
recall response after homologous challenge is most likely due
to immune-mediated pathology.

MATERIALS AND METHODS

Mice. Six- to eight-week-old female C57BL/6 mice were used in all experi-
ments in the present study. The animals were purchased from the Jackson
Laboratory (Bar Harbor, ME) and housed in the animal research center at the
University of Texas Medical Branch in accordance with the Institutional Animal
Care and Use Committee guidelines under whose review and approval the
experiments were conducted.

Bacterial strains and growth conditions. The characteristics of the bacterial
strains have been described previously (12). Two monocytotropic ehrlichial spe-
cies, namely, E. muris (provided by Y. Rikihisa, Ohio State University, Colum-
bus) and an unnamed ehrlichial species (designated as IOE) isolated from I.
ovatus ticks in Japan (kindly provided by M. Kawahara, Nagoya City Public
Health Research Institute, Nagoya, Japan), were used in the study. Ehrlichial
stocks consisted of spleen homogenates prepared from syngeneic infected mice
as described previously (12). Briefly, mice were infected with either E. muris or
IOE by the i.p. route. Then, spleens from the infected mice were collected on day
7 postinfection with E. muris or IOE. The spleens were then homogenized and
suspended in freezing medium and stored in �80°C until further use. The 50%
lethal dose in C57BL/6 mice of IOE given i.p. is �103 organisms; in contrast, the
50% lethal dose of IOE in C57BL/6 mice given i.d. is �5 � 105 organisms (31).
Mice were inoculated with E. muris i.p. (5 � 105 to 10 � 105 bacterial genomes),
IOE i.p. (1 � 102 to 5 � 102 bacterial genomes), or IOE i.d. (�5 � 104 bacterial
genomes). The second IOE challenge consisted of �5 � 103 bacterial genomes
given by the i.p. route.

Determination of ehrlichial copy numbers in E. muris and IOE stocks and
quantification of ehrlichial load in tissue samples. Ehrlichial loads in stocks
and tissue samples were determined by using a quantitative real-time PCR
method as previously described (31). Briefly, primers and probes were de-
signed to amplify and detect a portion of the Ehrlichia dsb gene, which
encodes a disulfide bond formation protein of E. muris and IOE (GenBank
accession numbers AY236484 and AY236485) and the housekeeping gene,
murine gapdh. The primer and probe sequences for Ehrlichia dsb and murine
gapdh have been described previously (31). DNA was extracted, and the
numbers of copies of dsb gene and gapdh gene were determined by PCR with
the standards prepared from plasmids carrying the targets. The number of
ehrlichiae present per ml of stock was determined based on the number of
copies of the dsb gene, the gapdh gene, and the number of host cells present.
The bacterial load in each organ was expressed as the ratio of the number of
copies of dsb gene from E. muris or IOE to copies of gapdh. The lowest limit
of detection of ehrlichial genome by the assay was determined to be 100
copies of the dsb gene plasmid.

Preparation of host cell-free E. muris and IOE antigens. Ehrlichial antigens
used for in vitro stimulation of cultured splenocytes were prepared as described
previously (12). IOE antigens were prepared from infected mouse spleens by

sonication followed by low-speed centrifugation to remove tissue debris. The
supernatant containing bacteria was collected by high-speed centrifugation
(12,000 � g for 10 min at 4°C) and frozen at �80°C for future use. E. muris
antigen was prepared from E. muris cultured in the DH82 canine macrophage
cell line as described previously (12). Total protein concentration in the antigen
preparation was determined by using a bicinchoninic acid protein assay reagent
kit (Pierce, Rockford, IL).

Splenocyte cultures and in vitro recall immune responses. Spleens were har-
vested from different groups of mice, and single-cell suspensions were prepared
as previously described (12). Splenocytes were cultured in vitro in a 12-well plate
at a concentration of 5 � 106 cells per well in complete medium (RPMI 1640
medium containing 10% heat-inactivated fetal bovine serum, 10 mM HEPES
buffer, 50 �M 2-mercaptoethanol, and antibiotics (penicillin, 100 U/ml; strepto-
mycin, 100 �g/ml) in the presence or absence of E. muris (5 �g/ml) or IOE (10
�g/ml) antigens. Irradiated naive syngeneic spleen cells (5 � 106 per well) were
used as antigen-presenting cells. Positive and negative control wells contained
concanavalin A at a concentration of 5 �g/ml or medium, respectively. Cell-free
culture supernatants were collected at 48 h for measurement of IFN-� and tumor
necrosis factor alpha (TNF-�) concentration by enzyme-linked immunosorbent
assay (ELISA). For intracellular cytokine staining and analysis by flow cytometry,
cells were harvested after 18 h of in vitro antigen stimulation, followed by 4 h of
incubation with brefeldin A (BD GolgiPlug; BD Biosciences, San Diego, CA),
and stained with specific antibodies as described below.

Flow cytometric analysis. Briefly, Fc receptors were blocked with anti-Fc II/III
receptor monoclonal antibodies (BD Pharmingen, San Diego, CA) in fluores-
cence-activated cell sorting buffer (Dulbecco phosphate-buffered saline without
Mg2� or Ca2� containing 1% fetal calf serum and 0.09% sodium azide) at 4°C
for 15 min. Cells were then labeled with fluorochrome-conjugated monoclonal
antibodies (BD Pharmingen) specific for mouse CD3 (clone 17A2), CD4 (RM4-
5), CD8 (clone 53-6.7), CD62L (clone MEL-14), and CD44 (clone IM7) cell
surface molecules. For intracellular cytokine staining, cells were stained for
surface markers as described above and then fixed, permeabilized, and
stained for intracellular IFN-� (clone XMG1.2) and IL-4 (clone 11B11) using
a BD Cytofix/Cytoperm fixation/permeabilization kit according to the manu-
facturer’s instructions. Flow cytometric data were collected by using FACSCanto
(BD Immunocytometry Systems, San Jose, CA). Lymphocytes were gated
based on forward scatter and side scatter, and 30,000 events were collected
for surface markers, while 200,000 events were collected for intracellular
cytokine staining, and data were analyzed by using FlowJo software (Tree
Star, Inc., Ashland, OR).

Histology and TUNEL assay. Tissue samples of liver and lung were fixed in
10% neutral buffered formaldehyde, embedded in paraffin, and stained with
hematoxylin and eosin. For detection of apoptotic cells in different organs, a
TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling) assay was performed as previously described (30, 31).

IFA and Western immunoblotting. The presence of Ehrlichia-specific antibod-
ies reactive with E. muris antigens in serum samples was detected by indirect
immunofluorescence assay (IFA) as described previously (22). Antigen slides
were incubated with serum samples, and then fluorescein isothiocyanate-labeled
goat anti-mouse IgG secondary antibodies (Kirkegaard & Perry Laboratories,
Gaithersburg, MD) were added at a dilution of 1:100 for 30 min at 37°C. The
antibody titer was expressed as reciprocal of the highest dilution of serum at
which a specific fluorescence was observed. Immunoreactive ehrlichial epitopes
were detected by Western blotting with E. muris antigens derived from E. muris-
infected canine macrophage cell line DH82 prepared as described previously
(11–13).

Cytokine concentrations in serum and culture supernatant. Cytokine concen-
trations in splenocyte culture supernatants were determined by using Quantikine
ELISA kits (R&D Systems, Minneapolis, MN). The detection limits of the
Quantikine ELISA for IFN-� and TNF-� are 2 and 5 pg/ml, respectively.

Statistical analysis. Experimental data were analyzed by using the GraphPad
Prism software version 5.00 for windows (GraphPad Software, San Diego, CA).
The data were transformed by taking square root of individual values, and
analyzed using one way analysis of variance with Tukey’s post test for comparison
of multiple groups and a Student two-tailed t test for comparing two groups.
Statistical significance was determined at 95% (P � 0.05), and asterisks in the
figures indicate the levels of statistical significance (*, P 	 0.01 to 0.05; **, P 	

0.001 to 0.01; ***, P � 0.001). The data presented are representative of two to
three independent experiments and are expressed as means plus standard devi-
ations.
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RESULTS

Prior heterologous but not homologous ehrlichial infection
confers protection against a second lethal challenge. To inves-
tigate the effect of homologous or heterologous priming on the
development of immunological memory and long-term protec-
tion against fatal ehrlichiosis, we infected immunocompetent
C57BL/6 mice with a high dose (5 � 104 bacterial genomes) of
IOE given i.d. or a low dose (1 � 102 to 5 � 102 bacterial
genomes) of IOE given i.p. or a high dose of E. muris (5 � 105

to 10 � 105 bacterial genomes) given i.p. We refer to these
groups as IOEi.d., IOEi.p., and E. muris, respectively. All
groups of mice survived primary infection and were rechal-
lenged 30 days later with a high dose of IOE (�5 � 103

bacterial genomes) via the i.p. route, which causes lethal dis-
ease in a naive host. The effect of homologous or heterologous
infection on mortality and bacterial burden was examined. We
refer to the primed groups of mice that were rechallenged with
IOE as EM/IOE, IOEi.d./IOE, and IOEi.p./IOE. Similar to
our previous observations, 100% of naive mice challenged i.p.
with a high dose (0.5 � 104 to 1 � 104 organisms) of IOE
succumbed to infection on days 9 to 10 postinfection (Fig. 1).
In addition, prior infection with a high dose of E. muris (ca. 5 �
105 to 10 � 105 bacterial genomes) protected mice against a
second challenge with an ordinarily lethal dose of IOE, as
evidenced by the survival of EM/IOE-infected mice more than
30 days after IOE challenge (Fig. 1) (12). In contrast, prior i.d
or i.p inoculation of mice with IOE did not provide protection
against a lethal challenge with IOE (Fig. 1). In the EM/IOE
heterologous protection model, resistance to lethal disease was
dependent on the primary dose of E. muris and on the second-
ary IOE dose. Primary infection with a low dose of E. muris
(�103 to 104) or rechallenge with a high dose of IOE (
5 �
104 bacterial genomes) did not result in protection (data not
shown). In contrast, lack of protection in IOEi.d./IOE or IOE
i.p./IOE mice was not dependent on the primary dose of IOE.
Mice were infected with different doses of IOE (�102 to 106

bacterial genomes) by i.d. or i.p. routes, and the mice that
survived the primary infection were challenged with an ordi-

narily lethal dose of IOE (�5 � 103 bacterial genomes) on day
30 after primary infection. All mice succumbed to secondary
IOE challenge regardless of the dose of primary IOE infection
(Table 1). These experiments suggest that ehrlichial species
differ in their ability to stimulate protective memory immune
responses. While heterologous protective anti-ehrlichial im-
munity is dependent on the dose of primary inoculum, lack of
homologous protection is not dependent on the dose or route
of primary IOE infection.

Fatal recall and protective immunity after homologous and
heterologous priming, respectively, correlate with decreased
bacterial burden. We next determined the effect of homolo-
gous and heterologous priming with IOE or E. muris, respec-
tively, on the bacterial burden on day 7 after secondary IOE
challenge. The bacterial burdens in the livers and lungs were
significantly (P � 0.01) lower in the EM/IOE mice on day 7
after IOE challenge than in unprimed mice challenged with
IOE (Fig. 2). Interestingly, although mice primed with IOE
given via the i.p. or the i.d. route succumbed to the second
IOE challenge, the bacterial burdens in the livers and lungs of
these mice were significantly lower than in unprimed naive
mice infected with a lethal dose of IOE (P � 0.05; Fig. 2). The
quantity of ehrlichiae in the livers and lungs of the IOEi.d./IOE
and IOEi.p./IOE mice was slightly greater than that in EM/
IOE mice, but the differences were not statistically significant
(P 
 0.05). These data suggest that the fatal secondary re-
sponse after homologous ehrlichial priming is associated with
more effective control of the bacterial burden than in the
primary immune response against Ehrlichia.

Homologous priming results in an enhanced inflammatory
response in the liver upon secondary infection. Histopatholog-
ical examination of liver and lung tissues from the EM/IOE
and the IOE/IOE groups revealed important differences. Sim-
ilar to our previous report, unprimed mice infected with IOE
developed severe multifocal hepatic apoptosis and necrosis on
day 7 postinfection (Fig. 3A). A fatal secondary response in
IOEi.d./IOE and IOEi.p./IOE mice was associated with devel-

FIG. 1. E. muris, but not IOE, induces protective immunity against
a lethal dose of IOE. Unprimed mice that were challenged with IOE
became acutely sick on day 8 postchallenge and died on day 9 or 10
postchallenge, whereas mice that were primed with E. muris 30 days
prior to the challenge with IOE did not show any signs of illness and
survived past day 30 postchallenge. Mice primed with IOE by the i.d.
or i.p. route 30 days prior to i.p. challenge with a lethal dose of IOE
became sick on days 9 and 10 and died between days 10 and 12. The
data are representative of three independent experiments, with three
animals per group in each experiment.

TABLE 1. Outcome and mean survival times of secondary IOE
challenge in mice primarily infected with different

doses of IOE by i.p. or i.d. routes

Route and dose of IOE

No. (%)
surviving on day
30 after primary

IOE infection

MSTa (days) � SD
after secondary
IOE challenge

(�5 � 103 bacterial
genomes)

i.p.
106 0 (0)
105 0 (0)
104 0 (0)
103 1 (17) 9.0 � 0.00
102 4 (66) 8.5 � 0.57

i.d.
106 2 (33) 7.0 � 0.00
105 4 (67) 7.5 � 0.57
104 6 (100) 7.6 � 0.51
103 6 (100) 8.5 � 0.54
102 6 (100) 8.8 � 0.75

Mock infection (PBS) 6 (100) 9.33 � 0.51

a MST, mean survival time.
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opment of extensive apoptosis on day 7 after secondary IOE
challenge (Fig. 3B and C), and apoptosis was confirmed by
TUNEL assay (Fig. 4). Compared to unprimed mice infected
i.p. with an ordinarily lethal dose of IOE (Fig. 3A and 4A), a

greater number of inflammatory foci and cellular infiltrations
and a comparable number of apoptotic cells were observed in
the liver of the IOEi.d./IOE and IOEi.p./IOE mice on day 7
after secondary IOE infection (Fig. 3B and C, Fig. 4B and C;
data not shown). Apoptotic cells were mostly concentrated in
the inflammatory foci in the liver in secondary IOE infections.
In contrast, TUNEL-stained apoptotic cells were more dis-
persed in the liver parenchyma after primary IOE infection
(Fig. 3 and 4). E. muris-primed mice had marked cellular
infiltration and granulomas in the lungs and livers, mainly
around blood vessels and liver sinusoids, which consisted of
macrophages, plasma cells, and lymphocytes on day 28 after
primary E. muris infection (data not shown). In contrast, no
granuloma was detected in the liver and lungs of IOEi.d.- and
IOEi.p.-primed mice, and there were few cellular infiltrations
on day 28 after primary infection (data not shown). On day 7
after the secondary IOE challenge, EM/IOE cross-protected
mice developed histopathological changes similar to those de-
tected in E. muris-primed animals on day 28 after primary
infection (Fig. 3D). Compared to cross-protected mice (EM/
IOE), the secondary homologous IOE infection in the IOEi.d./
IOE and IOEi.p./IOE mice resulted in significant hepatic in-
jury, as suggested by the substantial elevation of serum alanine
aminotransaminase and aspartate aminotransaminase concen-
trations, results similar to those for primary fatal IOE infection
(30; data not shown). Since the extensive tissue injury in pri-
mary fatal ehrlichiosis was due to immune-mediated pathology
(11–13) and since both IOEi.d./IOE and IOEi.p./IOE mice
were able to control the bacterial infection, but not the tissue

FIG. 2. Prior infection with either E. muris or IOE results in re-
duced bacterial burden after secondary challenge with an ordinarily
lethal dose of IOE. Bacterial burdens were determined by a quantita-
tive real-time PCR in the livers and lungs of unprimed mice and E.
muris-, IOE i.d-, and IOE i.p-primed mice infected with an ordinarily
lethal dose of IOE on day 7 after primary or secondary challenge. The
data represent one of the three independent experiments, with three
mice per group. Asterisks indicate significant differences from the IOE
group (P � 0.05). ns, not significant (P 
 0.05).

FIG. 3. Priming of mice with a low dose of IOE results in pathology
characterized by extensive hepatic apoptosis and multifocal inflamma-
tory foci upon secondary challenge with a lethal dose of IOE. (A) His-
tological examination of hepatic tissue in mice primarily inoculated
with an ordinarily lethal dose of IOE revealed the presence of exten-
sive apoptosis with fewer inflammatory foci. (B and C) Extensive
apoptosis and multifocal infiltration of inflammatory cells in the liver
were observed in mice primed with a high or low dose of IOE via the
i.d. or i.p. routes, respectively, and challenged with a lethal dose of
IOE on day 7 postchallenge. (D) Cross-protected EM/IOE mice had
marked cellular infiltrates consisting of macrophages, lymphocytes,
and plasma cells on day 7 after IOE challenge. Original magnifications,
�400.

FIG. 4. Extensive hepatic apoptosis after lethal primary and sec-
ondary IOE infections. Apoptotic cells were detected by TUNEL assay
in the liver sections from unprimed or primed mice challenged with an
ordinarily lethal dose of IOE. Comparable numbers of apoptotic cells
were present in the liver on day 7 after primary and secondary IOE
infections. However, apoptotic cells were dispersed in the liver paren-
chyma in primary IOE i.p. infection (A), whereas they were mostly
concentrated in the inflammatory foci in the liver following secondary
IOE infection (B and C). (D) Fewer apoptotic cells were detected in
the liver of the cross-protected EM/IOE mice. Original magnifications,
�400.
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injury, our data suggest that fatal recall response in IOE-primed
mice could be partly due to enhanced immunopathology.

Lack of homologous protection against IOE correlates with
a decreased T-cell effector memory response. Studies with sev-
eral intracellular pathogens, mainly viruses and protozoa, con-
cluded that resistance to reinfection is determined, to some
extent, by the presence of effector memory cells that exist at or
migrate to the site of infection and mediate protection. There-
fore, we examined first whether resistance or susceptibility to
fatal ehrlichiosis in E. muris- and IOE-primed mice, respec-
tively, is due to differences in development and/or maintenance
of central and effector memory CD4� and CD8� T cells.

We first examined the memory phenotype of T cells in
primed mice on day 28 after primary E. muris or IOE infection
by flow cytometry. Compared to uninfected naive mice, E.
muris-, IOEi.d.-, and IOEi.p.-primed mice had significantly
(P � 0.05) greater percentages (Fig. 5A) and absolute numbers
(Fig. 5B) of CD44high CD62Llow effector/effector memory
CD4� and CD8� T cells in the spleen on day 28 postinfection.
Compared to IOEi.d.- or IOEi.p.-primed mice, E. muris-
primed mice had significantly higher absolute numbers of
splenic CD8� effector/effector memory T cells (P � 0.001) on
day 28 after primary infection (Fig. 5B). No significant (P 

0.05) difference was observed in the absolute number of effec-
tor/effector memory CD4� T cells between the three groups of
primed mice. However, the percentage of these cells was
higher in E.muris-primed mice than that in IOEi.d.- and
IOEi.p.-primed mice, indicating a substantial expansion of
other cell subsets in the spleens of IOE-primed mice. Lack of
protection in IOEi.d.- and IOEi.p.-primed mice was associated
with the presence of higher numbers of splenic CD4� T cells
with central memory (CD44high CD62Lhigh) phenotype com-
pared to E. muris-primed mice on day 28 after primary infec-
tion (P � 0.01) (Fig. 5B).

We next examined the memory phenotype of T cells in
unprimed and primed mice on day 7 after primary or second-
ary IOE challenge. Compared to unprimed mice challenged
with an ordinarily lethal dose of IOE, cross-protected EM/IOE
mice, but not unprotected IOEi.d./IOE and IOEi.p./IOE mice,
had significantly higher percentages (Fig. 5C) and absolute
numbers (Fig. 5D) of splenic CD4� and CD8� effector/effec-
tor memory (CD44high CD62Llow) T cells (P � 0.05). Interest-
ingly, compared to the frequency of memory T cells on day 28
after priming, IOEi.d./IOE and IOEi.p./IOE mice had signifi-
cant (P � 0.05) attrition of CD4� central memory T cells and
CD8� effector/effector memory T cells after secondary IOE
challenge (Fig. 5B and C). These data indicate that lack of
protection following homologous ehrlichial priming is associ-
ated with defective induction or maintenance of effector mem-
ory CD8� T cells after primary IOE challenge, as well as

attrition of CD4� central memory and CD8� effector/effector
memory T cells after secondary IOE challenge.

Fatal recall response to IOE is associated with defective
maintenance and expansion of Ehrlichia-specific IFN-�-pro-
ducing T cells. We examined the effector functions of antigen-
specific CD4� and CD8� T cells in naive and primed mice
challenged with a lethal dose of IOE. Intracellular cytokine
staining indicated that E. muris-primed mice had significantly
greater percentages (data not shown) and absolute numbers
(P � 0.001) of IFN-�-producing Ehrlichia-specific CD4� and
CD8� T cells on day 28 after primary infection than IOE-
primed mice (Fig. 6A). Secondary IOE infection resulted in a
significant expansion (P � 0.001) of IFN-�-producing CD4�

and CD8� T cells in the cross-protected EM/IOE mice but not
in unprotected IOEi.d./IOE and IOEi.p./IOE mice on day 7
after IOE challenge (Fig. 6B).

We next examined cytokine production by immune spleno-
cytes cultured in vitro for 48 h with either purified E. muris or
IOE antigens by ELISA. Compared to IOE-primed mice,
splenocytes from E. muris-primed mice produced significantly
higher quantities of IFN-� (P � 0.001) and TNF-� (P � 0.01)
on day 28 after primary infection (Fig. 7A). However, on day 7
after secondary IOE infection, splenocytes from cross-pro-
tected EM/IOE mice and unprotected IOE/IOE mice pro-
duced similar (P 
 0.05) quantities of IFN-� upon in vitro
antigen stimulation (Fig. 7B). IFN-� production by immune
splenocytes from all primed groups of mice was comparable to
that produced by splenocytes from IOE-infected unprimed
mice that develop fatal disease. In contrast, TNF-� produced
by the splenocytes from cross-protected EM/IOE mice was
significantly higher (P � 0.05) than that produced by spleno-
cytes from IOEi.d./IOE or IOEi.p./IOE mice. The differences
in IFN-� production detected by intracellular cytokine staining
and ELISA suggest that cells other than T cells were the source
of IFN-� from in vitro-cultured splenocytes from the IOEi.d./
IOE and IOEi.p./IOE mice, as well as unprimed mice chal-
lenged with a lethal dose of IOE. These data indicate that
increased or decreased IFN-� production mainly by antigen-
specific CD4� and CD8� T cells is associated with either
protection or lack of protection in the EM/IOE and IOE/IOE
mice, respectively.

Cross-protection against IOE correlates with decreased se-
rum levels of pro- and anti-inflammatory cytokines. Our pre-
vious data have shown that fatal primary IOE infection is
associated with systemic, but not local, overproduction of
TNF-�, IL-10, and IFN-� (12, 31). We postulated that systemic
rather than local production of these cytokines is a detrimental
host response against Ehrlichia. To test this hypothesis, we
examined the effect of E. muris priming on the systemic cyto-
kine response to secondary IOE infection. Heterologous pro-

FIG. 5. E. muris infection induces the generation of memory T cells that maintain effector/effector memory phenotype. The percentages
(A) and absolute numbers (B) of central memory (CD44high CD62Lhigh) and effector/effector memory (CD44high CD62Llow) CD4� and CD8� T
cells in the spleens of uninfected and E. muris-, IOEi.d.-, and IOEi.p.-primed mice on day 28 after primary infection as determined by flow
cytometry. Asterisks indicate significant differences from the uninfected naive group; †, ¶ (P � 0.01), and } and � (P � 0.001). The percentages
(C) and absolute numbers (D) of central memory and effector/effector memory CD4� and CD8� T cells in the spleen of unprimed mice infected
with an ordinarily lethal dose of IOE, cross-protected EM/IOE mice, and unprotected IOEi.d./IOE and IOEi.p./IOE mice on day 7 after primary
or secondary IOE infection. Asterisks indicate significant differences from the IOE group; † and ¶ (P � 0.001). The data shown are representative
of three independent experiments. The data are expressed as means and standard deviations of three mice per group.
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tection in EM/IOE mice was associated with substantially
lower serum concentrations of proinflammatory cytokines,
such as IL-1� and IL-6, and the anti-inflammatory cytokine
IL-10 than were detected in the serum of unprimed mice chal-

lenged i.p. with the same lethal dose of IOE on day 7 after IOE
infection (data not shown). As mentioned above and similar to
our previous reports, all mice infected with high dose IOE via
i.p. route succumbed to fatal disease on days 9 to 10 postin-
fection (11, 12).

Homologous Ehrlichia priming fails to induce antigen-spe-
cific IgG antibodies. We and others have shown that IgG
antibodies are a critical component of host defense against
monocytotropic Ehrlichia (5, 12, 16, 17, 40). Therefore, we
hypothesized that the lack of protection in the IOEi.d./IOE
and IOEi.p./IOE mice could be attributed to the inability of
primary IOE infection to induce an anamnestic antibody
response. To examine this hypothesis, we measured serum
Ehrlichia-specific IgG antibody titers by IFA in the EM/IOE
mice, IOEi.d./IOE mice and IOEi.p./IOE mice before and
after secondary challenge with IOE. i.d. or i.p. infection with
IOE did not result in significant Ehrlichia-specific IgG titers
(�1:32) on day 28 after primary infection (data not shown)
with no or slight increase in antibody titers (�1:32 and 1:128)
in the IOEi.d./IOE and IOEi.p./IOE mice, respectively, on day
7 after secondary IOE challenge. In contrast, substantially
higher titers of Ehrlichia-specific IgG antibodies (1:256 to
1:512) were detected in E. muris-infected mice on day 28
after primary infection. Ehrlichia-specific IgG antibody ti-
ters increased (1:512 to 1:1,024) in the EM/IOE mice on day
7 after IOE challenge. Similar results were obtained when
serum samples were tested by Western blotting with purified
E. muris antigen. Immunoreactive E. muris antigens that are
recognized by serum IgG antibodies collected from EM/IOE
mice on day 7 after IOE infection had molecular masses of
200, 180, 100, 73/75, 45, 28, and 16 kDa (22). Serum samples
from IOEi.p./IOE mice collected on day 7 after secondary
IOE infection cross-reacted weakly with the E. muris 28-kDa
outer membrane protein (OMP-28), which is abundantly
expressed on the ehrlichial surface. The results from both
IFA and Western blot analysis indicated that, unlike E.
muris infection, IOE infection in C57BL/6 mice did not
induce strong antibody responses.

E. muris, but not IOE, causes persistent infection in C57BL/6
mice. Our results demonstrated that the induction and main-
tenance of effector memory CD8� T cells and Ehrlichia-spe-
cific IFN-�-producing CD4� and CD8� T cells are critical for
protection against lethal ehrlichial infection. However, it is not
clear whether effector memory T cells require antigen persis-
tence for their maintenance and to mediate protective immu-
nity. To examine the role of antigen persistence in develop-
ment of immunological memory, we determined bacterial
burdens in mice infected with E. muris or with IOE by i.d. or
i.p. route on day 28 postinfection. Ehrlichial DNA could be
detected in the organs, particularly in the lungs (492 � 139
copies of the ehrlichial dsb gene per 108 copies of gapdh), of
mice infected with E. muris. On the other hand, the ehrlichial
DNA was below detectable levels in mice infected with IOE via
the i.p. or i.d. routes. Thus, unlike E. muris infection, IOE does
not appear to cause persistent infection in C57BL/6 mice,
which may account for failure of IOE-priming to maintain
effector memory CD8� T cells and antigen-specific protective
IFN-�-producing memory CD4� and CD8� T cells.

FIG. 6. Heterologous protection induced by E. muris against lethal
challenge with IOE is associated with induction and maintenance of
Ehrlichia-specific IFN-�-producing T cells. Ehrlichia-specific IFN-�-
producing T cells in the spleen were determined after in vitro stimu-
lation of splenocytes with antigen, followed by intracellular cytokine
staining and flow cytometric analysis. (A) Compared to uninfected
naive mice and IOE-primed mice by the i.d or i.p route, significantly
greater numbers (P � 0.001) of Ehrlichia-specific IFN-�-producing
CD4� and CD8� T cells were present in the spleens of E. muris-
primed mice on day 28 postinfection. Asterisks indicate significant
differences from the uninfected naive mice; †/¶ and }/� (P � 0.001).
(B) Significantly greater numbers (P � 0.05) of Ehrlichia-specific IFN-
�-producing CD4� and CD8� T cells were observed on day 7 after
secondary IOE challenge in the spleens of cross-protected EM/IOE
mice than in the IOEi.d./IOE mice, the IOEi.p./IOE mice, and the
unprimed naive mice challenged with IOE. Asterisks indicate signifi-
cant differences from the IOE mice; † and ¶ (P � 0.001) and } and �
(P � 0.01). The results represent means � standard deviations, and
three mice per group are included in the analysis.
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DISCUSSION

In the present study, we demonstrated that ehrlichial species
differ in the ability to induce protective memory immune re-
sponses. Prior infection with E. muris resulted in cross-protec-
tion against IOE infection in mice, confirming our previous
results (12). In contrast, priming the immune system with IOE
by the i.d. or i.p. route did not result in protection against
challenge with a lethal dose of IOE. Studies by Bitsaktsis et al.
also demonstrate lack of protection against high-dose IOE in
mice primarily infected with a sublethal dose of IOE or E.
chaffeensis or in mice immunized with heat-inactivated IOE
lysate (1). The lack of homologous protection is rather surpris-
ing, particularly in mice primed with a high dose of IOE by the
i.d. route since our previous study demonstrated that intra-
dermal inoculation of mice with a high dose of IOE resulted in
mild self-limited disease and generation of a strong protective
primary type 1 cell-mediated response (31). Our data here
show that priming mice with IOE (i.d. or i.p.) was not associ-
ated with persistent infection and did not result in induction of

strong Ehrlichia-specific memory type 1 CD4� and CD8� T
cells and antibody responses compared to protection induced
by persistent E. muris infection.

Priming mice with IOE did not confer protection against a
lethal challenge with IOE. However, similar to cross-protected
EM/IOE mice, the IOEi.d./IOE and IOEi.p./IOE mice showed
significant reduction in the bacterial burdens in the liver and
lung. The reduced bacterial burdens in the unprotected
IOEi.d./IOE and IOEi.p./IOE mice could be due to two pos-
sible mechanisms: (i) induction of some degree of protective
adaptive immunity and/or (ii) immunopathology. We favor the
second mechanism since we and others have reported previ-
ously that pathogenic CD8� T cells mediate fatal ehrlichiosis
after primary (11, 12) or secondary (3) IOE infection. Over-
production of TNF-� by Ehrlichia-specific CD8� T cells is
implicated in fatal primary IOE infection (12), and effector/
memory phenotype CD8� T cells mediate fatal recall re-
sponses during secondary IOE infection (3). However, the data
presented here suggest that effector memory CD8� T cells play

FIG. 7. Concentrations of IFN-� and TNF-� in antigen-stimulated splenocyte cultures. Cytokine concentrations were determined by ELISA in
antigen-stimulated splenocyte culture supernatants. (A) IFN-� and TNF-� production on day 28 after primary infection. Compared to uninfected
naive mice and IOEi.d.- and IOEi.p.-primed mice, significantly higher concentrations of IFN-� (P � 0.001) and TNF-� (P � 0.05) were detected
in the splenocyte culture supernatants from E. muris-primed mice on day 28 after primary infection. Asterisks indicate significant differences from
the uninfected mice; † and ¶ (P � 0.001) and } and � (P � 0.05). (B) IFN-� and TNF-� production on day 7 after IOE challenge. Concentrations
of IFN-� detected in the splenocyte culture supernatants were not significantly different (P 
 0.05) among the EM/IOE, IOEi.d./IOE, IOEi.p./IOE
and unprimed naive mice challenged with IOE. Compared to the IOEi.d./IOE mice, IOEi.p./IOE mice, and unprimed naive mice challenged with
IOE, significantly greater concentrations of TNF-� were detected in the splenocyte culture supernatants from the cross-protected EM/IOE mice
on day 7 after IOE challenge. Asterisks indicate significant differences from the IOE mice; }/� (P � 0.05). The data are expressed as means plus
standard deviations, and data from three mice per group were used in the analysis.
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a role in cross-protection, in the presence of a strong expansion
of IFN-�-producing CD4� effector memory Th1 cells. This
conclusion is based on the presence of (i) significantly greater
numbers of effector/effector memory CD8� T cells in E. muris-
primed mice compared to IOEi.d.- and IOEi.p.-primed mice
and (ii) the maintenance and expansion of CD8� T cells in
EM/IOE mice, but not IOE/IOE mice, which are linked to
effective maintenance and expansion of effector memory
CD4� T cells of the Th1 phenotype. In support of this conclu-
sion, our previous study demonstrated that CD8� T cells are
protective against primary E. muris infection (5) and that pro-
tection was associated also with the presence of a high fre-
quency of antigen-specific IFN-�-producing CD4� Th1 cells in
the spleen (11). In contrast, substantial expansion of patho-
genic TNF-�-producing CD8� T cells in fatal primary ehr-
lichial infection coincides with a simultaneous decline in the
total number of CD4� T cells due to apoptotic cell death that
results also in a weak CD4� Th1 response (11, 12). Although
a previous study by Bitsaktsis et al. suggested that fatal recall
response is mediated by pathogenic memory CD8� T cells, our
current model of fatal secondary ehrlichiosis is different from
their study (3). The study by Bitsaktsis et al. showed that fatal
recall response is associated with high bacterial burden and
pathology identical to primary high-dose IOE infection (3). In
our study, fatal secondary ehrlichiosis in IOE/IOE mice was
associated with a low bacterial burden similar to that detected
in cross-protected mice and pathology that differed from the
primary IOE infection. In addition, the defective expansion of
effector memory CD8� T cells in IOE-primed mice and their
significant reduction in the spleen after secondary IOE infec-
tion compared to cross-protected EM/IOE mice in the present
study suggests that fatal recall response against Ehrlichia is not
solely dependent on pathogenic effector memory CD8� T
cells. Our data support a role for effector/effector memory
CD8� T cells in the cross-protection in the EM/IOE mice;
however, the study did not exclude the possibility of the gen-
eration of IOE-specific effector/memory CD8� T cells in IOE-
primed mice that may partially contribute to immunopathology
following secondary IOE infection.

Histopathological examination of liver and lung revealed the
presence of cellular infiltrates and granulomas around the
blood vessels in E. muris-primed mice, which persisted on day
7 postchallenge with IOE in the EM/IOE mice. The formation
of granulomas in infection with some intracellular bacteria
such as Mycobacterium tuberculosis is considered to be a hall-
mark of a protective immunopathological response of the host
mediated by Th1 immunity (24). As suggested in a recent study
with M. tuberculosis (34), the formation of granulomas and
cellular infiltrates after infection with E. muris could mark the
sites of interaction between persistent E. muris and a cell-
mediated immune type 1 response. In support of this conclu-
sion, our data (Fig. 7) demonstrate that cross-protection
against fatal disease in EM/IOE-infected mice is associated
with substantial production of proinflammatory and type 1
cytokines such as TNF-� and IFN-� in the spleen. In addition,
our preliminary study suggested that elimination of persistent
E. muris infection by doxycycline treatment resulted in de-
creased cellular infiltrations in the liver and lung (data not
shown). Compared to heterologous protection, primary and
secondary fatal ehrlichiosis was associated with extensive apop-

tosis and necrosis in the liver. Although the correlation be-
tween low bacterial burden and severe tissue damage in sec-
ondary IOE infection suggests immune-mediated pathology,
the differences in the histopathological changes in the liver
such as number of inflammatory foci and the distribution of
apoptotic cells between primary and secondary IOE infections
suggest potential differences in the pathogenic mechanism(s).

Maintenance of effector/effector memory CD8� T cells
(CD44high CD62Llow), but not effector/effector memory CD4�

T cells, in E. muris-primed mice, but not IOE-primed mice,
appeared to be associated with the persistent nature of the E.
muris infection. Our preliminary data show that elimination of
persistent E. muris infection by doxycycline treatment influ-
ences the outcome of secondary heterologous IOE infection
and the memory T-cell response (unpublished data). It has
been suggested that resistance to reinfection observed in cer-
tain persistent and/or chronic infections, mainly with viruses
and protozoa, could be mediated by the effector T cells gen-
erated in response to the continued presence of the pathogen,
and such infections may not induce a true memory immune
response (27, 43). Furthermore, some studies have suggested
the requirement for continued antigenic stimulation for the
maintenance of T-cell-mediated immunity (8, 43), and other
studies have indicated that T-cell memory can be maintained in
the absence of antigen persistence (9, 18, 21, 33). Except for a
single report of persistent E. chaffeensis infection in a 68-year-
old patient (4), it is unknown whether persistent E. chaffeensis
infection occurs in humans in areas of endemicity and what
factors account for resistance to reinfection. However, sero-
conversion in persons exposed to tick bites in the absence of
clinical illness (41), lack of clinical disease in the presence of
high seroprevalence of antibodies in children from areas of en-
demicity (19), and the short half-life of IgG antibodies in vivo
suggest that persistent E. chaffeensis could be a possible mech-
anism that accounts for asymptomatic or subclinical infections
in humans upon reinfection. Since our previous studies, as well
as data from the present study, suggest that protection against
primary and secondary ehrlichial infection requires a balance
between protective immunity and immunopathology (14), we
postulate that persistent E. muris infection could stimulate the
induction of regulatory T cells, which prevent overactivation of
the immune system while effectively mediating bacterial elim-
ination following secondary heterologous IOE infection.

Our study demonstrated that IOE-primed mice had a
greater frequency of central memory CD4� T cells, and their
frequencies diminished in the spleen following secondary IOE
infection, perhaps suggesting their differentiation into effector
T cells upon antigen reencounter. Alternatively, the attrition of
central memory CD4� T cells in the spleen in the absence of
corresponding increase in numbers of effector cells suggests
either migration of these cells to the other sites of infection or
loss through apoptosis (11). It is possible that central memory
CD4� T cells could partially contribute to the decreased ehr-
lichial burden in secondary IOE infection compared to primary
lethal infection. Central memory T cells are able to produce
IL-2, but not IFN-�, and differentiate into effector memory T
cells that migrate to the site of infection. However, it is not
clear how central memory T cells develop in IOE-primed mice.
It has been suggested that central memory CD4� T cells de-
velop from T cells that fail to differentiate into effector T cells
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(10, 15, 38). Thus, it is possible that low levels of antigen and/or
lack of antigen persistence during sublethal IOE infections or
poor priming of T cells could have contributed to the devel-
opment of central memory CD4� T cells.

Cross-protection against a lethal challenge with IOE in-
duced by prior infection with E. muris was associated with
substantial generation of E. muris-specific antibodies of IgG
class. In contrast, IOE-priming failed to generate antigen-spe-
cific primary IgG antibodies and a secondary anamnestic re-
sponse, which correlated with failure to induce and/or maintain
effector memory CD4� T cells. It is well established that an-
tigen-specific CD4� T cells provide help to antigen-specific B
cells, which stimulate immunoglobulin isotype switching. Thus,
the lack of antibodies in IOE/IOE mice is most likely due to a
defective CD4� T-cell memory response. Studies from our
laboratory and others have demonstrated the importance of
polyclonal antibodies in immunity against ehrlichial infections
(5, 12, 16, 17, 40). Passive transfer of anti-E. muris polyclonal
antibodies completely protects SCID/B6 mice against lethal
challenge with E. muris, and the protection is Fc dependent
(5). Furthermore, mice deficient in B cells or Fc�RI fail to
resolve ordinarily sublethal IOE infection, suggesting a role for
antibodies in protective immunity (40). Lack of a strong IgG
antibody response in IOE infection is consistent with the ob-
servations reported in the previous studies (12, 40). IgG anti-
bodies are likely to confer protection against Ehrlichia by op-
sonization of host-cell-free bacteria and facilitation of their
phagocytosis and killing (12).

Our previous studies have suggested that systemic, but not
local, overproduction of pro- and anti-inflammatory cytokines
contribute to the pathogenesis in acute fatal IOE infection (12,
31). Substantially higher serum concentrations of IL-1�, IL-6,
and IL-10 were detected in unprimed mice inoculated with a
lethal dose of IOE than in cross-protected EM/IOE mice. The
production of proinflammatory cytokines, including IL-1 and
IL-6, is consistent with our previous studies showing a consis-
tent correlation between high levels of TNF and fatal primary
ehrlichial infection (12, 13).

Previous studies suggest that TNF-� plays an important role
in the pathogenesis of fatal primary and secondary ehrlichiosis
(3, 12, 13). However, splenocytes cultured from E. muris-
primed mice produce high levels of proinflammatory TNF-� in
vitro compared to those of IOE-primed mice on day 28 after
primary infection and on day 7 after secondary IOE challenge
(Fig. 7). Although the cell source of TNF-� in these mice is not
yet clear, the production of TNF-� in E. muris-primed and
cross-protected EM/IOE mice could be due to a continuous
state of macrophage activation by persisting ehrlichiae. Alter-
natively, as we concluded above, local, but not systemic, pro-
duction of proinflammatory and type 1 cytokines such as
TNF-� and IFN-� contributes to the protection against fatal
secondary ehrlichiosis, most likely by activation of intracellular
bactericidal effector mechanisms of phagocytic cells. The find-
ings of the present study are different from a previous study by
Bitsaktsis et al. that suggested that B cells and antibodies, but
not T cells and type 1 cytokines, are essential for the cross-
protection induced by E. muris against IOE based on studies
with gene-targeted mice (2). However, generation of strong
memory T-cell responses in cross-protected EM/IOE mice, but
not unprotected IOE/IOE mice, observed in the present study

suggest that memory T cells contribute to protection. The
discrepancy between our data and the study by Bitsaktsis et al.
could be due to possible compensatory mechanisms in gene
knockout mice used in their study and/or to differences in the
rechallenge dose of IOE.

In conclusion, our findings suggest that cross-protection is
associated with the generation of strong type 1 effector/effector
memory CD4� and CD8� T-cell and antibody responses, while
the lack of homologous protection is associated with poor
memory T-cell and antibody responses. Elevated levels of sev-
eral cytokines and chemokines in acute IOE infection suggest
their role in the inflammation and tissue damage in fatal ehr-
lichiosis. The present study raises important questions relating
to the generation and maintenance of memory immune re-
sponses in ehrlichial infections. The roles of critical factors
such as cytokines and antigen dose in the development and
maintenance of memory T cells and the relative roles of mem-
ory T-cell subsets and regulatory T cells in conferring long-
term protection against ehrlichial infections need to be deter-
mined. The mechanisms stimulated by IOE that prevent the
development of protective homologous immunity in the mu-
rine model of HME deserve further attention.
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